The adrenocortical response to hypoxia may be a critical component of the adaptation to this common neonatal stress. Little is known about adrenal function in vivo in hypoxic neonates. The purpose of this study was to evaluate adrenocortical responses to ACTH in suckling rat pups exposed to hypoxia from birth to 5-7 days of age compared with normoxic controls. We also evaluated potential cellular controllers of steroidogenic function in situ. In 7-day-old pups at 0800, hypoxia from birth resulted in increased basal (12.2 Ϯ 1.4 ng/ml; n ϭ 12) and ACTHstimulated (94.0 Ϯ 9.4 ng/ml; n ϭ 14) corticosterone levels compared with normoxic controls (basal ϭ 8.3 Ϯ 0.5 ng/ml; n ϭ 11; stimulated ϭ 51.3 Ϯ 3.8 ng/ml; n ϭ 8). This augmentation occurred despite no significant difference in plasma ACTH levels in normoxic vs. hypoxic pups before (85 Ϯ 4 vs. 78 Ϯ 8 pg/ml) or after (481 Ϯ 73 vs. 498 Ϯ 52 pg/ml) porcine ACTH injection (20 g/kg). This effect was similar in the afternoon at 6 days of age and even greater at 5 days of age at 0800. The aldosterone response to ACTH was not augmented by exposure to hypoxia from birth. Adrenocortical hypoxia-inducible factor (HIF)-1␣ mRNA was undetectable by RT-PCR. Steroidogenic acute regulatory (StAR) protein in adrenal subcapsules (zona fasciculata/reticularis) was augmented by exposure to hypoxia; this effect was greatest at 5 days of age. Peripheral-type benzodiazepine receptor (PBR) protein was also increased at 6 and 7 days of age in pups exposed to hypoxia from birth. We conclude that hypoxia from birth results in an augmentation of the corticosterone but not aldosterone response to ACTH. This effect appears to be mediated at least in part by an increase in controllers of mitochondrial cholesterol transport (StAR and PBR) and to occur independently of measurable changes in endogenous plasma ACTH. The augmentation of the corticosterone response to acute increases in ACTH in hypoxic pups is likely to be an important component of the overall physiological adaptation to hypoxia in the neonate. adrenocorticotropin; aldosterone; newborn; steroidogenic acute regulatory protein; peripheral-type benzodiazepine receptor; hypoxia-inducible factor HYPOXIA is one of the most common causes of neonatal morbidity and mortality (10, 17). Considerable attention has been paid to the short-and long-term neurological, cardiopulmonary, and renal consequences of neonatal hypoxia (3, 8, 14, 34, 36) . In comparison, the adrenal adaptation in vivo to prolonged neonatal hypoxia has not been extensively studied. One pertinent study in human infants with hypoxemia due to bronchiolitis demonstrated an augmented cortisol, but not aldosterone, response to ACTH (12). This suggests a zone-specific adrenal adaptation to hypoxia.
HYPOXIA is one of the most common causes of neonatal morbidity and mortality (10, 17) . Considerable attention has been paid to the short-and long-term neurological, cardiopulmonary, and renal consequences of neonatal hypoxia (3, 8, 14, 34, 36) . In comparison, the adrenal adaptation in vivo to prolonged neonatal hypoxia has not been extensively studied. One pertinent study in human infants with hypoxemia due to bronchiolitis demonstrated an augmented cortisol, but not aldosterone, response to ACTH (12) . This suggests a zone-specific adrenal adaptation to hypoxia.
We have extensively examined dispersed adrenal cells in vitro removed from suckling rats exposed to hypoxia from birth (28) . We have found that, as opposed to adult rats (29) , steroidogenesis in vitro is augmented in adrenal cells from hypoxic neonatal rats despite no changes in steroidogenic enzyme expression, in steroidogenesis in isolated mitochondria, or in morphology as assessed by immunohistofluorescence or electron microscopy (28) . This suggests that hypoxiainduced changes in intracellular factors may alter steroidogenic enzyme activity independently of steroidogenic enzyme expression.
The critical question, however, is whether chronic hypoxia in the neonate alters adrenal function in vivo. Therefore, the purpose of the present study was to examine the corticosterone and aldosterone responses in vivo to ACTH injection in neonatal rats exposed to hypoxia from birth. We also evaluated the expression of steroidogenic acute regulatory (StAR) and peripheral-type benzodiazepine receptor (PBR) proteins, two principal intracellular controllers of steroidogenesis (2, 23, 35) , as well as hypoxia-inducible factor (HIF)-1␣, a transcription factor thought to be involved in the cellular and molecular response to low oxygen tension (11) .
MATERIALS AND METHODS

Animal Treatment and Exposure to Hypoxia
All animal experimental procedures were approved by Medical College of Wisconsin and Aurora Health Care Insti-tutional Animal Care and Use Committees and conformed to the "Guiding Principles for Research Involving Animals and Human Beings" of the American Physiological Society. Timed pregnant Sprague-Dawley rats (Harlan, Indianapolis, IN; n ϭ 79) were obtained at 14 days gestation and maintained on a standard sodium diet and water ad libitum in a controlled environment (0600-1800 lights on). Parturition occurred spontaneously on the afternoon of gestational day 21 during which rats were kept under observation. As soon as a litter was completely delivered, the pups were weighed and cross-fostered (8-10 pups/dam), and the dam and its pups were moved to an environmental chamber and exposed to normobaric normoxia (21% O 2) or hypoxia (12% O2) as described in detail previously (28, 36) . We have previously shown that this exposure leads to arterial PO 2 levels in adults of about 50-55 Torr with sustained respiratory alkalosis with metabolic compensation (27, 30, 31) .
ACTH Injection and Blood and Tissue Sampling
Experiment 1: 7 days of age. At 0800 at 7 days of age (60 litters), three to four pups per litter were quickly removed from the chamber, weighed, and decapitated (basal samples). Trunk blood was collected in sodium EDTA (3-4 pups/tube), adrenal glands were removed, and some were weighed. A subset of blood samples was allowed to clot, and serum was frozen for the measurement of corticosteroid-binding capacity (see below). Adrenal glands that were weighed were not saved for subsequent analysis because of the time delay required for accurate assessment of weight. Capsules (zona glomerulosa; ZG) and subcapsules (zonae fasciculata/reticularis; ZF/R) were separated and immediately frozen for subsequent analysis (see below). The remaining pups were weighed and injected intraperitoneally with porcine ACTH (Sigma) diluted in normal saline as described in detail previously (40) . Pups were injected with 20 g/kg ACTH (10 l/g body wt) and immediately returned to their home cages with their dams in the appropriate normoxic or hypoxic environment. The pups were then decapitated at 15, 30, 45, and 60 min after ACTH injection, with blood and adrenal glands collected as described above. To generate a more complete ACTH-corticosterone dose-response curve, additional pups were injected with 10 g/kg ACTH and decapitated at 30 min.
Experiment 2: 5-6 days of age. We then determined if increases in endogenous ACTH earlier in the hypoxic exposure, or in the afternoon, might account for changes in adrenal function. Another group of pups and their dams was exposed to hypoxia from birth to 0800 at 5 days of age (8 litters) or to 1400 at 6 days of age (11 litters) . Sampling was performed as described above except that adrenal glands were not weighed but were all immediately separated and frozen for analysis. ACTH (20 g/kg) was injected as described above, with pups decapitated 30 min after injection.
Hormone assays. Plasma ACTH and corticosterone were analyzed in unextracted plasma by radioimmunoassay using reagents purchased from ICN Pharmaceuticals (Costa Mesa, CA) as described previously (28) (29) (30) (31) . Because of hyperlipidemia that occurs in suckling rats (26) , plasma was centrifuged at 16,000 g for 2 min before assay to avoid interference of lipids in the ACTH assay. Plasma samples after ACTH injection were diluted 1:5 for analysis of plasma ACTH. Plasma aldosterone was analyzed by solid-phase radioimmunoassay (Diagnostic Systems Labs, Webster, TX) following the manufacturer's specifications, except that standards and samples were assayed with 50 l (instead of 100 l), which still provided sufficient sensitivity (25 pg/ml). (7) , while the other did not (18) . Because hypoxia induces hyperlipidemia in suckling rats (26) and hyperlipidemia alters the serum binding of corticosterone (4, 13) , we repeated these measurements after delipidation of serum using Lipoclear (Statspin, Norwood, MA).
RT-PCR for Adrenal HIF-1␣ and StAR mRNA
Total cellular RNA was extracted by the guanidine thiocyanate method using kit-supplied reagents (RNAgents, Promega Biotec, Madison, WI). Single-strand cDNA was generated from 1 g total cellular RNA with the use of Superscript II preamplification reagents (Life Technologies, Bethesda, MD) according to the manufacturer's instructions. PCR was carried out in 25-l volumes of 1 ϫ PCR buffer [60 mM Tris ⅐ HCl (pH 9.0), 15 mM (NH 4)2SO4, 2.5 mM MgCl2] containing 1/10 the contents of the reverse transcription reaction, 0.2 mM each dNTP, 0.5 M each primer, and 0.05 U/l Taq DNA polymerase (Promega, Madison, WI).
HIF-1␣. The reactions were subjected to 35 amplification cycles on a Perkin Elmer-Cetus thermal cycler. The amplification cycle profile was 95°C denaturation for 1 min, followed by primer annealing at 48°C for 1 min and extension for 2 min at 72°C. Primers were designed with the aid of commercially available software (Primer Designer, S&E Software, State Line, PA) from previously published sequences of mouse (39) and human (38) HIF-1␣ genes. The primers for rat templates were chosen based on maximum areas of sequence similarity between the mouse and human genes and similarity in GC content and melting temperature. The following are the 5Ј 3 3Ј sequences of the sense (S) and antisense (AS) primers used in these studies: HIF-1␣ S, ATACTGATTGCATCTCCATCTTC-TACC; HIF-1␣ AS, TCAGTTAACTTGATCCAAAGCTCTGAG. The primers were synthesized by Operon Technologies (Alameda, CA). PCR products were separated by gel electrophoresis.
StAR. PCR for StAR mRNA was performed using previously published methods and primer sequences (33) . Semiquantitative analysis was performed by normalizing the StAR signal to the housekeeping gene L19 as described previously (22) . Gels were digitized and scanned using an Alphaimager System (Alpha Innotech, San Leandro, CA).
StAR and PBR Protein Immunoblot Analysis
StAR and PBR protein immunoblot analysis was performed as described in detail previously (40) with antibodies kindly provided by V. Papadopoulos (Georgetown Univ. School of Medicine). Protein was extracted from adrenal ZG and ZF/R and fractionated by one-dimensional SDS-PAGE on a 15% acrylamide gel. Proteins were transferred onto 0.45-m nitrocellulose membranes for 30 min using a TransBlot Cell (Idea, Corvalis, OR). Membranes were blocked for nonspecific absorption using 3% (wt/vol) dry nonfat milk. The blots were treated for immunodetection of PBR, stripped, and reblotted for detection of StAR protein using anti-PBR and anti-StAR at 1:1,000 dilution prepared as previously described (40) . Data were normalized to ␤-actin protein using anti-mouse actin antibody at 1:1,000 dilution (Sigma, St. Louis, MO). Goat anti-mouse IgG-horseradish peroxidase was used as secondary antibody at 1:6,000 followed by chemiluminescent detection with reagents from Perkin Elmer (Boston, MA). NIH Image J software was used to quantify blots.
Statistical Analysis
Data were analyzed by unpaired t-test and two-and threefactor ANOVA (P Ͻ 0.05). Data from gels were analyzed after logarithmic transformation. Post hoc analysis was performed by Duncan's multiple range test. Correlation analysis was performed by linear regression using Sigmastat software. Data are presented as means Ϯ SE.
RESULTS
Exposure to hypoxia from birth to 7 days of age resulted in ϳ29% lower body weight and ϳ16% lower adrenal weight compared with normoxic controls (Fig.  1 ). Because the difference in adrenal weight between normoxic and hypoxic rats was not as great as the difference in body weight, the ratio of adrenal weight to body weight was ϳ16% greater in pups exposed to hypoxia (Fig. 1) . Figure 2 shows plasma ACTH and corticosterone levels in rat pups exposed to normoxia or hypoxia from birth before (0 min) and after injection of ACTH (20 g/kg). Hypoxia resulted in a small but significant increase in basal corticosterone (12.2 Ϯ 1.4 ng/ml) compared with normoxic controls (8.3 Ϯ 0.5 ng/ml) without any change in basal ACTH. Basal serum corticosteroid-binding capacity was so low using either method (7, 18) that the true binding could not be reliably distinguished from nonspecific binding even after delipidation (data not shown).
Injection of ACTH (20 g/kg) resulted in a significant increase in plasma ACTH that was not different between normoxic and hypoxic pups (Fig. 2 ). There was a tendency for plasma ACTH to be lower in normoxic pups 60 min after injection, but there were no overall differences between hypoxic and normoxic data by ANOVA. Pups exposed to hypoxia demonstrated a marked augmentation of the corticosterone response to ACTH at all times assessed. The augmentation of the corticosterone response to ACTH in hypoxic pups was approximately 1.4-fold at 15 min, 1.7-fold at 30 min, 1.8-fold at 45 min, and 3.2-fold at 60 min. Figure 3 shows plasma ACTH and corticosterone without and with 10 and 20 g/kg ACTH injection (30-min samples), with the 30-min results for 20 g/kg replotted from Fig. 2 for comparison. Although the increase in plasma ACTH was related to the dose of ACTH, the corticosterone response on average was already maximal at 10 g/kg. As in Fig. 2 , basal and ACTH-stimulated corticosterone were augmented in hypoxic rats. These data were replotted (Fig. 4) individually (assuming linearity) to demonstrate the relationship between plasma ACTH and corticosterone (stimulus response). Hypoxia induced a significant shift upward in this relationship (i.e., y-intercept was significantly increased).
A prior increase in endogenous ACTH earlier in the hypoxic exposure or in the afternoon could have accounted for increased adrenal weight (relative to body Fig. 1. Body weight (in g; A) , adrenal weight (in mg; B) , and the ratio of adrenal to body weight (in mg/g; C) in rat pups exposed to normoxia vs. hypoxia from birth to 7 days of age. * Hypoxia different from normoxia. weight) and augmented corticosterone responses to ACTH. To evaluate this possibility, we studied pups at 5 days of age in the morning and on the afternoon of day 6 (the afternoon before experiments shown in Figs.  1-4 ). Figure 5 shows these results with data from 7-day-old rats replotted from Fig. 2 for comparison. Basal and ACTH-stimulated corticosterone was similar in normoxic pups regardless of age or time of day. Exposure to hypoxia from birth again resulted in an increase in basal corticosterone without a change in basal ACTH. This effect was more pronounced on day 5 compared with day 6 and on day 6 compared with day 7. The hypoxia-induced augmentation of ACTH-stimulated corticosterone was more pronounced on day 5 compared with day 6 and on day 6 compared with day 7. The qualitative response was not altered by the time of day. There was no significant overall effect of hypoxia from birth on basal or ACTH-stimulated plasma aldosterone (Fig. 6) . However, at day 5, basal aldosterone was increased in hypoxic rats. Body weight in 5-day-old rats exposed to hypoxia (8.2 Ϯ 0.2 g; n ϭ 26) was less than normoxic controls (10.9 Ϯ 0.01 g; n ϭ 26). Body weight in 6-day-old rats exposed to hypoxia (9.5 Ϯ 0.2 g; n ϭ 21) was less than normoxic controls (12.9 Ϯ 0.2 g; n ϭ 25).
The ratio of StAR to L19 mRNA in adrenal subcapsules serves as a semiquantitative index of StAR expression as described previously (33) . Exposure to hypoxia from birth to 7 days of age tended to increase ZF/R StAR/L19 mRNA (0.5 Ϯ 0.1) compared with normoxic controls (0.4 Ϯ 0.1). Interestingly, StAR/L19 mRNA was higher in ZF/R from normoxic adult rats (0.6 Ϯ 0.1) used as a positive control. There was no effect of hypoxia on ZG StAR/L19 mRNA (data not shown). We were unable to detect the expression of HIF-1␣ mRNA by RT-PCR in neonatal adrenal glands from normoxic or hypoxic pups, although it was detectable in the kidney and liver (data not shown).
StAR and PBR proteins were analyzed by normalizing target protein band intensity to ␤-actin with the ratio in the adult adrenal arbitrarily set as unity. ZF/R StAR and PBR proteins were significantly greater in 5-day-old (AM) vs. 6-day-old (PM) or 7-day-old (AM) adrenal glands (Fig. 7) . Exposure to hypoxia from birth resulted in a significant increase in ZF/R StAR protein at each age, with the effect being largest at 5 days of age. There was no effect of hypoxia from birth on ZF/R PBR at 5 days of age. However, at 6 days of age (PM) and 7 days of age (AM), there was a significant increase in ZF/R PBR in the rat pups exposed to hypoxia from birth. ACTH injection did not significantly alter StAR mRNA or StAR or PBR protein within the time frame (60 min) analyzed (data not shown). Finally, there was no effect of hypoxia and/or ACTH on StAR or PBR protein in the ZG (data not shown).
DISCUSSION
This study examined the control of corticosterone release in vivo in rat pups exposed to hypoxia from birth compared with normoxic controls. We found that 1) hypoxia resulted in a lower body weight and adrenal weight but an increased ratio of adrenal to body weight; 2) hypoxia from birth resulted in increased basal corticosterone despite no difference in plasma ACTH compared with normoxic controls; 3) hypoxia from birth resulted in an augmented corticosterone, but not aldosterone, response to exogenous ACTH; 4) the augmentation in corticosterone response was greatest at 5 days of age compared with 6 and 7 days of age; 5) this effect could not be attributed to an increased ACTH in the AM or PM or earlier in the exposure; and 6) the increase in steroidogenesis was associated with an increase in StAR and, to a lesser extent, PBR protein, in the adrenal subcapsule (ZF/R).
We have previously demonstrated augmented early pathway (P450scc) activity in intact dispersed adrenal cells from hypoxic rat pups but not in isolated mitochondria (28) . This suggested that factors such as StAR or PBR proteins, which are known to mediate the rate-limiting mitochondrial cholesterol transport step, might be involved in the augmentation observed (2, 23, 35) . If this were the case, we hypothesized that the adrenocortical response to exogenous ACTH in vivo should be augmented in hypoxic pups compared with normoxic controls.
Because it is well known that body weight is lower in pups, juvenile, or adult rats exposed to hypoxia, it was important to ensure that the increase in ACTH was similar across groups. For that reason, ACTH was injected adjusting for body weight. We found that the increase in plasma ACTH achieved in normoxic and hypoxic rats was similar, leading to a controlled adrenal stimulus.
We also found an effect specific to corticosterone (subcapsule) because the aldosterone response to ACTH was not affected by hypoxia in neonatal pups. This is quite different from the response in adults, where aldosteronogenesis is decreased during hypoxia because of a decrease in expression of P450c11AS (29) . This confirms our previous proposition that the neonatal adrenal response to hypoxia is dramatically different from in the adult and is similar to a study in hypoxic human neonates (12) .
What then could account for the augmented basal corticosterone response to ACTH in rat pups exposed to hypoxia from birth? Our initial hypothesis was that plasma ACTH was increased at some time during the exposure to hypoxia and that its trophic effects were responsible (6, 19) . Consistent with that was the increase in relative adrenal weight we observed. We were unable, however, to demonstrate an increase in ACTH at 7 days of age. It remains possible that other posttranslational products of proopiomelanocortin may be involved (6) .
Even though neonatal rats have not been reported to have a significant circadian rhythm for corticosterone, we still thought that perhaps ACTH was increased in the PM and/or earlier in the exposure to hypoxia. This did not turn out to be the case. We have not completely eliminated the possibility that a small, essentially undetectable increase in ACTH, when integrated over time, might account for increased steroidogenesis and adrenal weight in vivo (1) . We have also previously demonstrated that morphological changes in adrenal zonation and mitochondrial density are not responsible for changes in steroidogenesis in the neonatal rat exposed to hypoxia from birth (28) . The typical experimental approach using exogenous glucocorticoids to suppress ACTH release in adults is not useful in neonatal rats because even short-term dexamethasone significantly reduces the expression of P450c11␤ (W. Engeland, personal communication). Our data do suggest that some factor(s) other than ACTH may be causing the increased corticosteronogenesis and adrenal weight in hypoxic pups. Because increased leptin has been shown to inhibit corticosterone but not aldosterone production in adult rats (20) , it is possible that a decrease in leptin that we have demonstrated in hypoxic rat pups (24, 25) allowed an increased steroidogenic response in the ZF/R but not the ZG.
Another possible explanation for an increased corticosterone with no change in ACTH is that hypoxia resulted in an increase in CBG and/or albumin binding. We tried several different methods to assess serum corticosterone binding (7, 18) . Because CBG levels were so low to start with, consistent with previous studies (7, 13), we were unable to reliably distinguish true binding from nonspecific binding. Adding to this difficulty was the dramatic hyperlipidemia that occurs in suckling rats exposed to hypoxia (26) . Because of possible interference of increased serum lipids with the measurement of serum binding capacity (4, 13), we also measured CBG activity in serum after delipidation and still could not generate an acceptable signal-to-noise ratio. Therefore, we are not able to completely eliminate an increase in CBG as a possibility. Arguing against this is that serum binding of corticosterone is extremely low between 5 and 7 days of age and may not be able to account for dramatic changes in total steroid levels (7). Also, when corticosterone and ACTH were correlated (Fig. 4) , there was a cluster of data points in which basal (pre-ACTH injection) corticosterone was not elevated.
Because mitochondria isolated from adrenals from hypoxic neonatal rats do not show augmentation in vitro but whole cells do (28) , the final remaining probable mechanism is an intracellular factor or factors involved in steroidogenesis. We chose to study the two best described, StAR and PBR, both of which are involved in regulating the rate-limiting step of steroidogenesis (cholesterol transport from the outer to the inner membrane of the mitochondria) (2, 23, 35) . Although the data are semiquantitative, the results are quite consistent with StAR and PBR involvement.
StAR protein was higher in adrenals from 5-day-old rats compared with 6-and 7-day-old rats, and hypoxia augmented this effect. This was associated with the large augmentation of the corticosterone response to ACTH in hypoxic pups at 5 days of age. PBR protein was not augmented at 5 days of age but was augmented at 6 and 7 days of age. These data suggest that a complex interaction of StAR and PBR proteins may account for some of the effect on corticosterone production observed. Adding that to the increase in relative adrenal weight, most of the effect of hypoxia could be accounted for. It has been previously reported by one of us (40) that the ontogenic expression of immunoreac- Fig. 7 . Semiquantitative analysis of band intensities from protein immunoblots for steroidogenic acute regulatory (StAR) protein (A) and peripheral-type benzodiazepine receptor (PBR) protein (B) in pups exposed to hypoxia from birth to 5 days of age (0800-1000), 6 days of age (1400-1600), or 7 days of age (0800-1000). StAR and PBR bands were normalized to ␤-actin with the adult value arbitrarily set as unity. Values are means Ϯ SE; n ϭ 3.
tive PBR and PBR ligand-binding activity is correlated with the ontogenic pattern of ACTH-inducible steroidogenesis in neonatal rats during the so-called stress hyporesponsive period. The results suggested that PBR activity might be one of the factors determining the timing of the mature phenotype of the rat adrenal cortex. The present results are consistent with this hypothesis and extend those observations by implicating a possible role for both PBR and StAR protein in stimulus-induced enhancement of neonatal adrenocortical activity. This conclusion is also strengthened by the finding that hypoxia did not augment the aldosterone response to ACTH and that capsular (ZG) StAR and PBR were not significantly altered by hypoxia.
It is likely, however, that other factors are involved. We do not think that the transcription factor HIF-1␣ is involved (11, 38) , because its mRNA was not detectable in neonatal adrenal glands. We were concerned that the RT-PCR technique was not producing reliable results (even though it was able to detect HIF-1␣ mRNA in the liver and kidney from these pups). We sent adrenal glands to G. Semenza at the Johns Hopkins Medical Institutions for analysis of mRNA by Northern blotting and protein by Western blotting (38) , and Semenza, too, could not detect a signal for either (personal communication).
StAR protein was increased, but StAR mRNA was not. It is important to note that the RT-PCR for analysis of StAR mRNA is a semiquantitative method and that small changes may have not been detected. It is also important to realize that a change in StAR protein during posttranslational processing is the important functional endpoint and that it can occur without changes in mRNA levels (2) . Of particular interest is that StAR and PBR proteins were highest at 5 days of age and that this correlated with the most robust steroidogenic response to ACTH whether in normoxic or hypoxic pups. This further suggests that StAR and PBR are important intracellular proteins mediating steroidogenesis in the newborn rat (40) .
One interesting ACTH-independent controller that could be considered in future experiments is the possibility that factors from the adrenal medulla and/or innervation of the neonatal adrenal might be involved in adrenocortical function (9) . In particular, it has been suggested that expression of tyrosine hydroxylase correlates with the stress-hyporesponsive period in the adrenal cortex of the rat pup at around the age we studied (21, 37) . It may be that locally produced factors from the adrenal medulla (including ACTH) might be activated during hypoxia, which might alter adrenal sensitivity to exogenous ACTH or endogenous ACTH from the pituitary.
It seems likely, then, that some combination of a small, essentially undetectable change in ACTH (1) and/or some as yet unidentified systemic or local factor(s) results in an increase in adrenal weight and in StAR/PBR in rats exposed to hypoxia from birth. These factors lead to an increase in basal and ACTH-stimulated corticosterone in hypoxic rat pups.
Perspectives
We suggest that augmented corticosterone is an integral component of the metabolic adaptation to hypoxia in the neonate. Although increased circulating glucocorticoids may have detrimental effects on neurological development in the neonate (32) , an increase in corticosterone in the hypoxic pups is likely to be instrumental in the cardiovascular and metabolic adaptation (5) and, ultimately, improved survival. Although these beneficial effects are numerous, several are worth special mention. One effect we have demonstrated involving increased corticosterone is a significant decrease in insulin sensitivity (24, 25) . This is likely to maintain glucose delivery to the brain and heart under hypoxic conditions. Another phenomenon of particular interest is the effect of corticosterone on the development of the hepatic and exocrine pancreatic function, which we have shown is necessary to maintain neonatal hypoxic hyperlipidemia (15, 16) . Therefore, in addition to the clear effects of corticosterone on maintaining cardiovascular reactivity during hypoxia, the effects on intermediate metabolism in the neonatal pup are vital components in the adaptation to hypoxia.
